main of S1. It is hypothesized that these changes are United Kingdom responsible for the transition from weak to strong bind-5 ESRF ing of S1 to actin and are essential processes for the BP 220 function of the myosin motor.
ing that the extent of labeling of the actin helix by steevents in myosin crossbridges. The response to, and reo-specifically bound heads increases approximately relaxation from, these perturbations reveal intrinsic moproportionally to tension. lecular processes in the muscle fiber which are those
The intensity of the myosin meridional reflection M3, responsible for muscle contraction under physiological I M3 , at w1/14.5 nm −1 in the "hot" frame was w55% conditions. Structural changes were monitored with higher than that in the "cold" one ( Figure 1 ). In the "inlow-angle X-ray diffraction at 1 ms time resolution. The termediate," frame the M3 intensity was approximately results strongly support our hypothesis (Bershitsky et the same as that in the "cold" frame ( Figure 1 ), while al., 1997) that force generation is tightly coupled with a the average tension was half-way between its pre-and "locking" transition, irrespective of the type of perturbapost-T-jump steady-state levels ( Figure 2A ). The intention used to synchronize the force-generating events. A sity of the M6 myosin meridional reflection at w1/7.28 new model in which force generation is a two-step pronm −1 decreased after the T-jump (Figure 1 ). In differcess quantitatively explains the data. The first step is a ent sets of experiments, it was reduced by 15%-20% "roll and lock" transition of non-stereo-specifically atand 5%-15% in the "hot" and "intermediate" frames tached myosin heads to a stereo-specifically bound respectively, compared to the "cold" one. state. The second step is lever arm tilting. Both proIn another set of experiments with the same threecesses are coupled to different stages in the pathway frame protocol (Figure 2A ) but with a longer camera of ATP hydrolysis, which is the source of energy for ( Figure 2B ), the A1 actin layer line was clearly separated muscle contraction.
from the neighboring first myosin layer line M1 at 1/43.5 nm −1 . The latter arises from the axial period of helical Results origins of myosin heads on the thick filaments. While the A1 intensity increased 2.5 times with temperature, Actin Labeling by Bound Myosin Heads the M1 intensity changed by less than 10% ( Figure 2B ). during Low-and High-Tension Contraction As seen from Figure 2C , the temperature-dependent The T-jump from 5°C to 30°C in permeabilized fibers increase in the intensities of the A6 and A7 actin layer from rabbit muscle induced a 3-fold increase in active lines at w1/5.9 nm −1 and w1/5.1 nm −1 , respectively, in fiber tension. Changes in the 2D, low-angle X-ray difcontracting muscle occurred at the same reciprocal rafraction pattern collected with a CCD X-ray detector dii as that at which myosin heads contribute to these during and after the tension rise are shown in Figure  intensities in rigor, i.e., in the absence of ATP when all 1. Due to the relatively long read-out time of the CCD myosin heads are strongly bound to actin. The changes detector, only three time frames were recorded in this in the intensity of the A6 and A7 layer lines were 9% series of experiments: "cold" and "hot" steady-state and 7%, respectively, for the "intermediate" frame comframes on the plateau of contraction at pre-(5°C) and pared to the "cold" one. During the "hot" frame, the post-T-jump (30°C) temperatures and an "intermediincreases in these intensities were 15% and 17%, ate," 5 ms long period occurring half-way during the respectively, compared to the values at 5°C. The obtension rise after the T-jump (Figure 2A) . The difference served position of the peak on the A5 actin layer line between the "hot" and "cold" diffraction patterns rereflection during contraction is closer to the meridian vealed that the intensities of all actin layer lines from than in rigor ( Figure 2C ). This means that the configura-A1 to A7 increased with temperature in parallel with tion of myosin heads stereo-specifically bound to actin tension (Figures 1 and 2A) . These layer lines originate in contracting muscle is different from that in rigor. Refrom diffraction on the actin helix (w37 nm period).
sults of the modeling of the intensity distribution along When myosin heads bind actin stereo-specifically, they this layer line (Koubassova and Tsaturyan, 
Strain Dependence of Actin Labeling by Myosin Heads in Contracting Muscle
The simultaneous increase in tension and in I A1 after a T-jump demonstrates that a "locking" of myosin heads in a stereo-specifically bound state is an essential part of force generation. However, it is not clear whether this locking itself is accompanied by an axial tilt of the heads, leading to force generation, or alternatively whether a force-generating event takes place after the locking. To answer this question, we studied the mechanical and structural responses of contracting muscle fibers to step length changes and paid particular attention to the intensity of the brightest actin layer line, A1. If the locking is part of the force-generating transition(s), it should be accompanied by a "rolling" axial movement of the head. If this is the case, the locking must be strain dependent due to the contribution of elastic energy to the free energy of the transition (Hux- Figure 5A ). Stretches induced a fast decrease tin does not change with temperature and that the increase in tension at higher temperature is caused by in I M3 by w35%, while releases recovered I M3 . Changes in I M3 begun during a 0.15 ms-long length step and finan increase in the average force produced by a myosin head. The significant increase in I A1 after the T-jumps ished about 1 ms after the end of the step ( Figure 5A ). The intensity in the region of the first actin/myosin layer must be caused by a "locking" of myosin heads on actin. This is because I A1 is independent of the tilting line, LL1, also decreased by w25% after the stretch and recovered after the release ( Figure 5A ). The data of the "lever arm" of the heads if their catalytic domains are stereo-specifically bound to actin. The contribution were too noisy to obtain submillisecond time resolution, but the changes were essentially complete in 1-2 of non-stereo-specifically bound myosin heads to the actin layer line intensities is low because the distribums after a length step, i.e., at the end of the HuxleySimmons phase 2 ( Figure 5A ). The spatial resolution tion of their electron density in space does not follow a helical symmetry.
was insufficient for decomposing the intensity into the M1 and A1 components. To be sure that the changes observed were indeed associated with A1, the intensity in the region of the layer lines was integrated in the radial direction during 4 ms-long periods immediately before releases and stretches when the intensity of the layer line was constant ( Figure 5A ). No significant difference in the intensity was found in the M1 region ( Figure  5B ). All observed changes in the intensity of this complex layer line were seen at an axial spacing corresponding to the A1 position so that I A1 changed by w30% ( Figure 5B ). The model of Koubassova and Tsaturyan (2002) shows that changes in I A1 , which can be induced by an axial and/or azimuthal tilt of the light chain domain of S1 with respect to its catalytic domain fixed on actin, are <10%. Therefore, the w30% changes in I A1 observed in these experiments are too big to be accounted for by a tilt of the lever arm and therefore must be induced by an increase in the number of myosin heads stereo-specifically bound to actin. This demonstrates that the stereo-specific "locking" of nonstereo-specifically bound myosin heads is a straindependent process, which is therefore accompanied by an axial "rolling" of the heads. We call this the "roll and lock" transition and assume that it is an essential part of force generation by myosin-II in muscle. Figures 3 and 4) (Figure 5) . Its decrease after a stretch and recovery after a alog) is used instead of ATP, myosin heads do not produce tension, but they have significant instantaneous release suggests that the "locking" of myosin heads to a stereo-specifically bound state is accompanied by a axial stiffness (Dantzig et al., 1988) and do not contribute to the actin layer lines (Kraft et al., 1999) . Subsefast force-generating "rolling" movement. These two events may either coincide, or, alternatively, the "rollquent ATP hydrolysis, which occurs in D and in NA states, includes closing of the nucleotide pocket of S1 ing" may quickly follow a fast non-force-generating "locking." The data show that the lag between these coupled with the return of the lever arm to the prepower stroke orientation followed by ATP cleavage fast and reversible events, if it exists, is less than a millisecond and takes place during phase 2 of the "Huxley- 
Discussion
(1) shall consider two A·M·ATP states that differ in their where D represents detached heads, NA 1 and NA 2 corstructure. respond to non-stereo-specifically attached heads, and
In contracting muscle, the transition between these SA 1 and SA 2 correspond to stereo-specifically attached structurally distinct states should produce a negative states. Force developed in different states is ordered power stroke if a head remains attached to actin. The according to 0 z NA 1 z NA 2 < SA 1 < SA 2 , and axial equilibrium will be different in muscle and in solution stiffness is the same in all attached states. because such a negative power stroke results in storage of elastic energy. The transition is less favorable when elastic energy has to be provided. Thus, in the The Nature of the NA 1 / NA 2 Transition in Scheme 1 model below, the reverse power stroke does not occur: ATP binding to the rigor complex leads to a decrease crossbridge detachment is required to return the myoin S1 affinity for actin, although this may not cause sin head to the pre-power stroke configuration. complete dissociation. In the presence of Ca 2+ , dissociation of actin-S1 complexes induced by photolytic release of ATP results in a fast decay of the actin layer Kinetic-Structural Model The scheme summarizing the above-mentioned conline structure characteristic of rigor that occurs at the same rate of >100 s −1 as the drop in fiber stiffness and cepts is as follows: changes in the intensities of the equatorial X-ray reflections. However, dissociation is incomplete, as the stiffness of muscle fibers and the equatorial intensities do (Table 1) ; thus, the equilibrium between these rate constants of non-stereo-specific attachment and detachment were used for all three non-stereo-specifithree states is temperature independent, while the tran- cally attached states, and the rate of ATP cleavage was The increase in the fraction of stereo-specifically bound heads, S i , closely follows ATP hydrolysis, with a time assumed to be the same for D 2 / D 3 and N 2 / N 3 ( Figure 6 ; Table 1 ). The detachment-attachment rate course similar to that observed for I A1 (Figures 3 and 4) . The difference in the "cold" and "hot" levels of I M3 reconstants of w1000 s −1 were set to account for the dependence of apparent fiber stiffness on the speed of sults from the axial disorder of non-stereo-specifically attached heads. The contribution of the heads in these its stretch in the presence of ATP or its analogs (Dantzig et al., 1988). The generalized rate constant for product release and ATP-induced break of stereo-specific binding was set arbitrarily to match the steady-state ATPase rate. The assumption that ATP binding induces a S 2 / N 1 , not a S 2 / D 1 , transition is arbitrary and has no effect on the results of the modeling. This is because a slow transition at the end of the power stroke is followed by fast, reversible detachment-reattachment steps N 1 4 D 1 . So, a new equilibrium between these non-stereo-specifically bound non-force-generating states is established very quickly.
The response of the model to a T-jump is shown in by 68°with respect to rigor (S 2 ) and so contribute less (1996) . Remote control of the experiments and synchronization of to this intensity than the more perpendicular heads in the length steps and T-jumps with detector framing were already states N 2 and N 3 (Figure 6 ). The drop in I M3 just after described (Bershitsky et al., 1996, 1997; Tsaturyan et al., 1999a) . the T-jump (Figures 3 and 4) (Figures 3-5) The two-step force generation mechanism sugwas measured by integrating the total intensity in a region extend- T-jump experiments and specify structural and kinetic characteristics of the two-step force generation by
